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Simulation experimentAbstract In this paper, we propose a simulative experimental system in wind tunnel conditions for
the separation of auxiliary fuel tanks from an aircraft. The experimental system consists of a simulative
release mechanism, a scaled model and a pose measuring system. A new release mechanism was
designed to ensure stability of the separation. Scaled models of the auxiliary fuel tank were designed
and their moment of inertia was adjusted by installing counterweights inside the model. Pose param-
eters of the scaled model were measured and calculated by a binocular vision system. Additionally, in
order to achieve high brightness and high signal-to-noise ratio of the images in the dark enclosed wind
tunnel, a new high-speed image acquisition method based on miniature self-emitting units was pre-
sented. Accuracy of the pose measurement system and repeatability of the separation mechanism were
verified in the laboratory. Results show that the position precision of the pose measurement system can
reach 0.1 mm, the precision of the pitch and yaw angles is less than 0.1 and that of the roll angle can
be up to 0.3. Besides, repeatability errors of models’ velocity and angular velocity controlled by the
release mechanism remain small, satisfying the measurement requirements. Finally, experiments for
the separation of auxiliary fuel tanks were conducted in the laboratory.
 2016 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and
Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
It is an important capability for military aircraft in flight to
release external stores such as weapons and auxiliary fuel tankswhen necessary. However, due to the interaction between the
aerodynamic environment and dynamical characteristics of
the external stores, the released store may collide into the air-
craft, threatening the regular performance of the aircraft and
the safety of the pilot. Therefore, it is of great significance to
conduct safety research for the separation of external stores
during the design and service process of the aircraft. The
commonly-used captive trajectory simulation (CTS) system is
used to simulate the trajectory of external stores (such as mis-
siles bombs and auxiliary fuel tanks) after they are separated
from an aircraft, which helps to guide the proper arrangement
of stores on the plane, as well as the control of stores’ release
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method is one of the most typical experimental methods for
store separation simulations in wind tunnels. The free drop
method, with which the external store is ejected from the air-
craft, falls down freely, and the trajectory of the external store
is captured by high-speed cameras, has been widely used in
simulative experiments for flight testing.
Traditionally, the free drop experiment system for store
separation in wind tunnel mainly includes a separation sys-
tem and a high-speed measuring system. Currently, the simu-
lative separation system mainly consists of a suspending
mechanism and an ejection mechanism. In 2008, Johnson
proposed a separation system for external stores using an
explosive bolt to ensure suspension and a double-spring load-
ing device to provide the load.2 When the ejection signal
came, the explosive bolt ruptures by being energized. Mean-
while, the store was ejected by the ejection load provided
by the springs. With this strategy, the initial kinematic
parameters of the store could be adjusted by changing the
preload of the springs, thus pose characteristics of the store
were under control. However, since the ejection load came
from springs, constraints would occur because the character-
istics of the springs such as the elastic coefficient were limited
to a small range.
In 2009, Murray et al. in the University of Mississippi pre-
sented an ejection system based on double-cylinder loading
and ball brake suspending.3 The store model was firstly
retained on the pylon by the ball brake, then it would be ejected
by the double-cylinder loading device triggered by the releasing
signal. The system provided adjustable release force as well as
velocity with intense adjustment, and was highly repeatable.
However, it was difficult to control the two cylinders simultane-
ously and the system maintenance would be a tough job with its
complex configuration. The EDO Corporation developed a
vertical ejection device with a multi-linkage mechanism and a
cylinder as the power producer.4 Making the best of the pre-
cisely calculated and optimized linkages, the system was cap-
able of controlling parameters such as the initial systemic
velocity, acceleration, angle and angular velocity of the store
at a given air pressure and flow. Unfortunately, the system
was mainly designed for the ejection of buried stores instead
of external stores, because the pylon under the wing was too
small to contain a multi-linkage mechanism during the separa-
tion experiment in the wind tunnel. Additionally, some of the
linkages were likely to extend outside the plane, affecting the
air flow field of the test section, which might cause errors in
the result. Guan and Cai indicated that spoilers are capable
of controlling the flow pattern inside the plane cabin, which
helps to guide the control of yaw angles of buried stores.5
However, the study does not cover all the release characteristics
(both the position and attitude) of the store, which is difficult
to meet the measurement requirements discussed in this paper.
When it comes to pose measurement of aircraft stores,
high-speed cameras are usually applied to capturing the 2D
images of the target and pose parameters can be obtained by
analyzing those images. In the early 1960 s, the dynamic simil-
itude method was firstly utilized to study the separation char-
acteristics of stores. It mainly adopted a multiple-exposure
method to record the pose and trajectory of the target in the
same film and subsequent analysis was based on that film.
The scheme is widely used owing to its simplicity and less refitsto the original wind tunnel facilities. The method presents a
simple method for qualitative observations and store separa-
tion studies. But large errors may occur when it comes to
quantitative analysis due to the insufficient information in
one single image. A video model deformation (VMD) method
has been developed and applied by NASA on the basis of
model deformation measurement.6–9 VMD was based upon
digital photogrammetry using recorded and processed digi-
tized video images from a CCD camera. A single-camera,
single-view photogrammetry was applied to determining object
plane coordinates and angles corresponding to retro-reflective
markers placed at known locations.10 Though the method
helps to achieve a non-contact, flexible and real-time measure-
ment of the model, wind tunnels with small space are not able
to conduct the experiment since a high-power light source is
required for the retro-reflective markers. The commercially
available OptotrakTM system measuring the aeroelastic defor-
mation and the angle of attack of planes was produced by
Northern Digital Incorporated (NDI) of Ontario, Canada.11
Small infrared emitting diodes (IREDs), instead of reflective
markers, are employed as markers which are mounted rigidly
in or on the object to be measured. Then high-speed cameras
are employed to capture the images of the target. Using the
OptotrakTM system, wind tunnels with low brightness are also
capable of conducting the measurement and a light source
was no longer required. Disadvantages lie in the inability to
measure the over-all parameters except for aeroelastic defor-
mation and angle of attack. Other methods employ cooperat-
ing markers attached to the model surface to serve as feature
points, such as the single camera method proposed by Marti-
nez et al.12 and the pose measurement for high-speed rolling
targets proposed by Jia et al.13 Retro-reflective targets and a
high-power light source were used in their experiment. Both
of the above methods have achieved efficient pose measure-
ment of the targets. However, the quality and signal to noise
ratio (SNR) of the images were decreased due to the strong
light reflection from the observation window.
Here, we design a simulative separation and measurement
system for the free drop experiment of external stores in a tran-
sonic wind tunnel. This paper is organized as follows: Section 2
introduces the simulated release mechanism of an auxiliary
fuel tank and the scaled model according to the geometric
and dynamic characteristics of an actual auxiliary fuel tank
whose type is highly classified. The dynamic characteristics
of the auxiliary fuel tank are then measured and adjusted uti-
lizing a binocular-vision system. Section 3 outlines the acquisi-
tion method of high-speed image sequence in dark wind
tunnels based upon miniature self-emitting units. In Section 4,
we detail the measuring process for the pose parameters of the
released model using the binocular vision system developed in
this paper. Moreover, experiments are conducted to verify the
precision of the measuring system as well as the stability of the
simulative separation mechanism. Finally, the conclusion is
given in Section 5.2. Design of release mechanism and scaled model
Since both the simulative release mechanism and scaled model
determine the reliability of the experimental results, we mainly
introduce the design of those two elements in this section.
Fig. 2 Simulative release mechanism.
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Many studies have been done on simulative release mecha-
nisms for buried stores in wind tunnels, while there are few
studies on controlled simulative release mechanism for external
stores. It generally requires a suspension mechanism and an
ejection mechanism to complete the task of separating a store
from an air-craft. The main parameters of the release mecha-
nism are the initial velocity, angle and angular velocity. The
desired functional requirements of the release mechanism are
listed below: (A) a stable suspension of the model must be
guaranteed under supersonic circumstance; (B) parameters
such as the initial velocity, angle and angular velocity of the
model right after it separates from the plane should be under
control; (C) the mechanism must be retained in a steady con-
dition when the separation is carried out. Given those require-
ments, this paper presents a release mechanism utilizing an
explosive bolt to provide suspension, a single cylinder to pro-
duce the ejection load and a rail-mounted mechanism to ensure
a stable separation. The design of the store release mechanism
is shown in Fig. 1.
As shown in Fig. 2, the application of an explosive bolt
guarantees a stable suspension of the model, which is placed
outside the plane before separation. Additionally, a near-
instantaneous release is enabled thanks to the explosive bolt.
The pose characteristics during the separation are under con-
trol using the rail-mounted hook at the end of the model.
Besides, the rail-mounted hook is capable of ensuring the sta-
bility and repeatability of the model’s initial velocity, angle and
angular velocity. The loading mechanism of the whole mecha-
nism mainly involves a cylinder, controlling the initial velocity
and angular velocity of the model.
2.2. Design of scaled model
Since the accuracy of the geometric parameters and dynamic
parameters of the model significantly impact the release pro-
cess and experimental results, the accuracy of the aerodynamic
shape and parameters of the model such as mass and moment
of inertia is of great significance. However, because of the
restrictions (such as machining precision and the separation
requirements) caused by different models, the centroid posi-
tion, mass, and moment of inertia of the external model should
be adjustable to meet experimental requirement. Besides, the
model should be kept in a stable fixation before separation
and the stability of the separation process must be sustained.Fig. 1 Design of store release mechanism.Moreover, the design of the scaled model must take into
account the installation of markers on the model surface. To
satisfy the above requirements, a segment-based configuration
is proposed. The model consists of six component sections
which will be connected via screws with their neighboring sec-
tions. By combining the sections with different materials, the
model’s mass can be adjustable. Moreover, the position of
the model’s centroid and moment of inertia are also adjustable
by changing the position of the counterweight inside the
model. In order to obtain the high-speed acquisition of the
image sequence during the separation process, miniature self-
emitting units are installed inside the model and the light will
flash out through the corresponding holes on the model sur-
face. Fig. 3 shows the configuration of the model.
The centroid position of the model was calculated by the
suspension line method and the model’s moment of inertia
was measured by a binocular vision measurement system. It
has been proved that by measuring the deflection period of
an object with compound pendulum movement with a binocu-
lar vision measurement system, the moment of inertia of the
model can be easily obtained. Therefore, we firstly design a
clamping device for the complex-shaped model to ensure the
feasibility of the compound pendulum movement within a
small angle. Then, the high-speed vision measurement system
is employed to capture the image sequence of the self-
emitting unit on the model, recording the trajectory of the
model. Afterwards, the trajectory of the compound pendulum
is processed using the plane fitting method based on the
method of eigenvalue. Then, the moving trajectory which the
center of the compound pendulum forms is obtained by a
curve-fitting method considering air damping and structural
damping. In the end, the moment of inertia of the model is
computed according to the principle of compound pendulum
movement.14 The calculating process for the model’s moment
of inertia will be described in detail.Fig. 3 Configuration of model.
Fig. 5 Measurement principle of the pose measurement method.
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image sequence of the compound pendulum, the model’s
moment of inertia can be calculated from the pendulum equa-
tion given by
Jc ¼ T
2
cmcglc
4p2
mcl2c ð1Þ
where Jc is the moment of inertia of the combination of the
clamping device and a standard stick whose moment of inertia
is already known, Tc the period of oscillation, mc the total
mass of the clamping device and the standard stick, and lc
the length between the component’s center-of-gravity and the
horizontal axis. By changing lc into l
0
c ¼ lc  Dlc and measuring
the corresponding period in each condition, lc and Jc can be
calculated by the solving equations based on Eq. (1).
Then, pendulum movement is made with the store model
fixed on the compound pendulum mechanism. The model’s
moment of inertia relative to its center-of-gravity can be calcu-
lated from the pendulum equation given by
Jm ¼ T
2
mðmclc þmmlmÞg
4p2
 ðJc þmcl2c þmml2mÞ ð2Þ
where mm is the mass of the store model, lm the length between
the model’s center-of-gravity and the horizontal axis, and Tm
the period of oscillation with the model installed on the mech-
anism. Therefore, Jm can be calculated after Tm is measured.
Fig. 4 shows the experimental setup for measuring the mod-
el’s moment of inertia. Experiments to measure the moment of
inertia of models with complex shapes have been conducted
using the proposed system. Results indicate that the measure-
ment of the moment of inertia with high efficiency and high
precision can be achieved. The proposed system satisfies the
practical requirement of measuring the moment of inertia of
complex-shaped objects with a measurement accuracy of
1.1%.
3. Experiments for models’ pose measurement
3.1. Pose measurement schemes
Fig. 5 shows the principle of the pose measurement method. A
high-speed measuring method based on white self-emitting
units was designed to solve the problems caused by strong light
reflection in measuring fuel tank models. With this method, the
self-emitting units were firstly distributed at known spots on
the surface of the model. Resins were then used to glue the
holes which contained the self-emitting units to reduce effectsFig. 4 Experimental setup for measuring the model’s moment of
inertia.to the aerodynamic shape of the model. Before dropping the
model, a calibration method considering image distortions
was employed to calibrate the cameras. Therefore, the internal
and external parameters as well as the distortion coefficients of
the cameras can be obtained. When performing the experi-
ment, the auxiliary fuel tank was ejected when the free stream
became steady. Meanwhile, the high-speed monodrome cam-
eras were triggered to capture images of the released model
with self-emitting units as recognizing targets. Constraints of
spatial distances and extremities were employed to process
the matching of targets in corresponding images from the
two cameras. Finally, the 3D coordinates of the targets were
reconstructed and pose information of the model was com-
puted by coordinate conversion from those targets.
3.2. Image acquisition method for high-speed models
The complexity of wind tunnel environment has led to the fol-
lowing difficulties for the image acquisition method for high-
speed models.
(1) In order to meet the requirement of high-speed measure-
ment, cameras with ultra-high speed frame frequency are
employed to capture the image sequence of the model.
However, the shortened exposure time caused by high-
speed frame frequencies will consequently affect the
image brightness. Besides, in the dark environment of
wind tunnels, image acquisition of models was even dif-
ficult due to the extremely low brightness.
(2) To avoid interference from the internal flow field of the
wind tunnel, high-speed cameras and light source can
only be arranged in a small space out of the observation
window. Meanwhile, to ensure the accessibility of cap-
turing the target motion, the two cameras should be
installed at a slant angle against the observation win-
dow. Unfortunately, light would be easily reflected to
cameras’ lenses by the optical glass under such condition
of installation, affecting the quality of image sequence.
(3) As is the case with the real auxiliary fuel tank, the scaled
model is a small model with complex shape. However, in
our experiment, components used to adjust the model’s
moment of inertia are installed inside the model. Thus,
its inner space must be greatly narrowed. Therefore, rea-
sonable installation and processing of markers on the
612 X. Ma et al.model surface has become a barrier of image acquisition
with the requirements of not affecting the aerodynamic
shape of the model.
To solve those problems, colored self-emitting units were
usually recommended to for image acquisition.15 However,
with the increasing shooting speed of cameras, the brightness
of colored self-emitting units is too low to meet the require-
ment of image quality. Instead, we proposed a high-speed
image acquisition method based on white self-emitting units.
Differed from traditional reflective markers, the white self-
emitting units were stronger in brightness and stability, provid-
ing more high-brightness feature points for computer recogni-
tion.16 Moreover, an external light source is no longer
necessary for self-emitting markers, solving the problems of
the low intensity of illuminations in the wind tunnel and light
reflections between the external light source and the observa-
tion window. Another advantage of self-emitting units is
small-sized. It is easy to install them on small scaled models.
Power suppliers are miniature batteries wired inside the model
body, avoid interaction of components inside the model. Using
the proposed method, effects of the complex wind tunnel envi-
ronment on the image acquisition were effectively reduced.
And the quality of the image acquisition was improved. One
of the images taken in the experiment is shown in Fig. 6.
3.3. Automatic dynamic calibration
Camera calibration is required for quantitative image-based
measurements to determine the camera interior and exterior
orientation parameters, as well as the lens distortion parame-
ters which supplement the collinearity equations. We employ
a compound target consisting of a cross-shape target frame
and a planar target for the cameras’ calibration, which effec-
tively solves the problems of the large space of wind tunnels
and the high costs of traditional calibration targets. The com-
pound target used in this paper is shown in Fig. 7. Moreover,
problems in traditional calibration involve the small number of
features on the target, the lack of automaticity in calibration,
and the long period of the calibration process, thus a dynamic
calibration method is proposed in this paper. The compound
target is placed in the measuring space and then moves all over
the space as the cameras capture the real-time images of the
target. Encoded markers are attached onto the cross-shape tar-
get frame, so that an automatic and high-speed recognition ofFig. 6 Image of self-emitting makers captured by high-speed
image acquisition system.the markers on the compound target can be realized, which
effectively save the time for camera calibration. Besides, by
moving the compound target all over the space, we are able
to the increase the data for cameras’ calibration and optimize
the calibration precision as well, which helps to obtain more
robust calibration results.
The image and the world coordinate system are related
through sequential rotational transformations,17 that is
x xp  dx
y yp  dy
c
2
64
3
75 ¼ kMðjÞMð/ÞMðxÞ
X Xc
Y Yc
Z Zc
2
64
3
75 ð3Þ
where ðX; Y; ZÞ denotes the 3D coordinate of a particular
point in the world coordinate system, ðXc; Yc; ZcÞ the coordi-
nate of the perspective center in the world coordinate system,
ðx; yÞ the 2D coordinate of the corresponding point in the
image plane, c the camera principal distance and ðxp; ypÞ the
photogrammetric principal-point location. dx and dy denote
the shifts of the image point from its ‘ideal’ position on the
image plane; k is the scaling factor and the rotation matrices
are defined as
MðxÞ ¼
1 0 0
0 cosx sinx
0  sinx cosx
2
64
3
75 ð4Þ
Mð/Þ ¼
cos/ 0  sin/
0 1 0
sin/ 0 cos/
2
64
3
75 ð5Þ
MðjÞ ¼
cos j sinj 0
 sinj cosj 0
0 0 1
2
64
3
75 ð6Þ
where x, /, and j are the Euler orientation angles between the
two coordinates.
The orientation angles ðx; /; jÞ are approximately the
pitch, yaw and roll angles of a camera in an established coor-
dinate system. The image coordinate shifts dx and dy can be
modeled by a sum of the radial and decentering distortions18,19
dx ¼ dxr þ dxd and dy ¼ dyr þ dyd ð7ÞFig. 7 Compound target used for cameras’ calibration.
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dxr ¼ K1ðx0  xpÞr2 þ K2ðx0  xpÞr4
dyr ¼ K1ðy0  ypÞr2 þ K2ðy0  ypÞr4
dxd ¼ P1½r2 þ 2ðx0  xpÞ2 þ 2P2ðx0  xpÞðy0  ypÞ
dyd ¼ P2½r2 þ 2ðy0  ypÞ2 þ 2P1ðx0  xpÞðy0  ypÞ
r2 ¼ ðx0  xpÞ2 þ ðy0  ypÞ2
ð8Þ
where K1 and K2 are the radial distortion parameters, P1 and
P2 are the decentering distortion parameters, and x
0 and y0
are the undistorted coordinates in the image plane.
3.4. Matching and division method for markers
The marker matching method here employs the distance con-
straint between markers to avoid mismatching. First, epipolar
constraint of the image was used to conduct the marker match-
ing. However, mismatching usually occurred when using the
matching method based on limitation constraints. Thus the
accuracy of pose measurement was affected. To avoid mis-
matching, relationship of distance constraints h1 and h2
between markers was firmly decided during machining so that
markers’ matching was conducted according to the constraints
on distance between them to avoid mismatching (see Fig. 8). In
this case, the stability of the whole measurement system can be
guaranteed.
The specific process of weeding out mismatch is as follows:
(A) three groups of markers are placed at three sections of the
model in circumferential direction with equal intervals in each
group; (B) markers are initially matched using a limit-
constraint method; (C) the 3D coordinates of markers are then
reconstructed after the initial matching so that mismatched
markers can be weeded out based on the fact that distances
between the neighboring markers in the same group are fixed.
3.5. Measurement of pose parameters
The method of coordinate transformation was adopted in this
paper.20 Two coordinate systems—the initial reference coordi-
nate system (IRCS) and local reference coordinate system
(LRCS), were established. The IRCS and LRCS mean the ref-
erence coordinate systems were set up at the first frame and the
frame of the measurement position, respectively. Then the
position and attitude information of the models was computed
through the coordinate transformation between the two coor-
dinate systems (see Fig. 9). The specific conversion relations
are as followsFig. 8 Specific layout of markers.xw
yw
zw
1
2
6664
3
7775 ¼
R T
0 1
  xl
yl
zl
1
2
6664
3
7775 ð9Þ
where T (the translation matrix) and R (the rotation matrix)
depict the translation and rotation parameters of the model,
respectively; ðxl; yl; zl Þ denotes the coordinate of a partic-
ular point in the local coordinate system; ð xw; yw; zw Þ is the
coordinate of the corresponding point in the world coordinate
system .The translation matrix T is written as
T ¼ xp yp zp
 T ð10Þ
where xp, yp, zp are defined as the translation parameters of the
model in x, y, z axis, respectively. The rotation matrixes of the
new coordinate relative to the z, x and y axis are written as
Rhz ¼
cos hz sin hz 0
 sin hz cos hz 0
0 0 1
2
64
3
75 ð11Þ
Rhx ¼
1 0 0
0 cos hx sin hx
0  sin hx cos hx
2
64
3
75 ð12Þ
Rhy ¼
cos hy 0 sin hy
0 1 0
 sin hy 0 cos hy
2
64
3
75 ð13Þ
Thus the entire rotation matrix R can be written as
R ¼ RhxRhyRhz ð14Þ
where hz, hx, hy represent the yaw angle, pitching angle and roll
angle of the target, respectively. Finally, the position and atti-
tude parameters can be computed according to the unity of the
two coordinate systems.
4. Experimental process and results
4.1. Simulative separation system for external cargoes
As shown in Fig. 10, the simulative separation system for
external stores we designed consists of an ejection mechanism,
a control system, a pose measuring system and a computer
processing terminal. Among those, the control system includes
a pneumatic control system and a circuit control system. The
pneumatic control system is responsible for store ejection,Fig. 9 Conversion relation between two coordinate systems.
Fig. 10 Simulative platform for separation experiments.
Fig. 11 Scaled model of auxiliary fuel tank.
Fig. 12 Results of position measurement.
Fig. 13 Results of attitude measurement.
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explosive bolt. When the simulative separation system finishes
the release, an instantaneous image capturing process using the
high-speed image acquisition system starts due to the signal
from a proximity switch. Finally, the computer processing ter-
minal achieves a fast and accurate measurement of pose
parameters of the release model by analyzing the collected
data. Fig. 11 shows the scaled model for separation
experiments.
4.2. Measurement experiments for auxiliary fuel tank models
Experiments were conducted in the laboratory which simulate
the dark environment of wind tunnels using the measuring sys-
tem mentioned in Section 4.1. The distance between the model
plane and the cameras is 600 mm and the measuring field of
view is 1000 mm  1000 mm. To finish the experiment, the
cameras are firstly calibrated; the model is then ejected out
of the mechanism by the controlling system which triggers
the air cylinder and the explosive bolt. Simultaneously, the
binocular vision system is triggered to capture the image
sequence of the model and its pose parameters are obtained
by analyzing those images. Fig. 12 shows the results of position
measurement and Fig. 13, the results of attitude measurement.
It can be seen from the results that the model starts to be
accelerated by the ejection mechanism 0.009 s after the cam-
eras are triggered; and the release process finishes in 0.053 s,
Fig. 13 shows that the model’s release angle is 12.5, showing
excellent performance of the system according to the practical
requirement of the experiment.4.3. Repeatability experiments for the system
The repeatability of a mechanism has a significant influence on
the experimental results. On the one hand, the mechanism
should guarantee a stable separation; on the other hand,
repeatable results in many test runs are also required. There-
fore, several experiments in the same condition were conducted
in this paper. Moreover, the optical tracking method was used
to test the repeatability of the store drop mechanism. The
model was dropped 8 times to test the consistency of the ejec-
tion velocity and angular velocity, results of which are shown
in Table 1.
It can be analyzed from Table 1 that the variance of the
model’s velocity and angular velocity the moment it ejects
from the aircraft are 2 and 4.637, respectively, indicating excel-
lent repeatability of the mechanism system.
4.4. Verification experiments
As shown in Fig. 14, a highly accurate electronic platform has
been employed to carry out the verification experiment. The
scaled model was firstly mounted to the electronic platform
through a special fixture. Then the electronic platform was
controlled with designed translation (10 mm) and corner
movement (5) with high accuracy. Meanwhile, pose informa-
tion of the model would be measured by the proposed measur-
ing system. So the precision of the measuring system can be
Table 1 Repeatability experiment of mechanism system.
Test Velocity (mm/s) Angular velocity (()/s)
1 1308 289.1
2 1314 277.6
3 1310 283.7
4 1309 288.5
5 1313 278.6
6 1310 282.3
7 1313 277.1
8 1309 287.5
Fig. 14 Experimental setup for precision verification.
Table 2 Displacement precision of measurement system.
Run x direction y direction
Displacement/mm Deviation/mm Displacement/m
1 9.91 0.09 9.93
2 10.1 0.10 10.09
3 9.92 0.08 9.89
4 10.01 0.01 9.96
5 10.03 0.03 10.11
6 9.95 0.05 9.91
7 9.98 0.02 9.97
8 9.99 0.01 10.05
9 10.06 0.06 9.93
10 9.91 0.09 9.94
Table 3 Angular precision of measurement system.
Run Angle of pitch/ Deviation/ Angle of yaw
1 4.91 0.09 4.89
2 5.10 0.10 5.09
3 4.92 0.08 4.88
4 5.01 0.01 5.04
5 5.03 0.03 5.11
6 4.95 0.05 4.91
7 4.98 0.02 4.97
8 4.99 0.01 5.05
9 5.06 0.06 4.93
10 4.91 0.09 4.94
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information of the electronic platform and the measured
results.
According to Table 2, the maximum deviation of displace-
ment in x direction is 0.1 mm and the value in y direction is
0.12 mm; in z direction, it is 0.1 mm. Compared to the results
of the measurement system based on color images,15 the dis-
placement precision of the measurement system is higher,
owing to the high brightness of white self-emitting markers.
Results in Table 3 shows that the maximum deviation of the
pitch angle is 0.1, while that of the yaw angle is 0.12, and the
roll angle 0.34. It can be noticed that the angular precision of
the measurement system is higher compared to results of the
measurement system based on color images,15 thanks to the
high brightness of white self-emitting markers.
5. Conclusion
(1) A simulative experimental system for external stores in
wind tunnel environment has been presented in this
paper. Through experiments, the system proves capable
of achieving the release simulation and pose measure-
ment for external stores.
(2) A simulative release mechanism has been designed so
that the stable and controlled initial model velocity,
angle and angular velocity after ejection can bez direction
m Deviation/mm Displacement/mm Deviation/mm
0.07 9.92 0.08
0.09 10.08 0.08
0.11 9.90 0.10
0.04 10.06 0.06
0.11 10.01 0.01
0.09 9.96 0.04
0.03 9.93 0.07
0.05 10.02 0.02
0.07 10.04 0.04
0.06 9.91 0.09
/ Deviation/ Angle of roll/ Deviation/
0.11 4.82 0.18
0.09 5.19 0.19
0.12 4.72 0.28
0.04 5.20 0.20
0.11 4.86 0.14
0.09 4.82 0.18
0.03 5.34 0.34
0.05 5.05 0.05
0.07 4.72 0.28
0.06 4.84 0.16
616 X. Ma et al.achieved. Besides, a scaled model of the original auxil-
iary fuel tank for experiments is designed and its
moment of inertia is adjusted utilizing a vision system.
(3) We propose a high-speed image acquisition scheme
based on miniature self-emitting units, reducing the
effects of the poor lighting condition, light reflection
and high-speed movement of models. What’s more, a
binocular vision measurement system is established as
well to measure the pose parameters of the model and
results are of high accuracy.
(4) Several tests have been conducted in the laboratory to
verify the repeatability of the measurement system,
which indicates that the system meets the requirements
of practical tests in wind tunnels. Future experiments
will be conducted in real wind tunnel environment and
improvements to the acquisition precision of markers
would be studied.
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